During critical periods, all cortical neural circuits are refined to optimize their functional properties. The prevailing notion is that the balance between excitation and inhibition determines the onset and closure of critical periods. In contrast, we show that maturation of silent glutamatergic synapses onto principal neurons was sufficient to govern the duration of the critical period for ocular dominance plasticity in the visual cortex of mice. Specifically, postsynaptic density protein-95 (PSD-95) was absolutely required for experience-dependent maturation of silent synapses, and its absence before the onset of critical periods resulted in lifelong juvenile ocular dominance plasticity. Loss of PSD-95 in the visual cortex after the closure of the critical period reinstated silent synapses, resulting in reopening of juvenile-like ocular dominance plasticity. Additionally, silent synapse-based ocular dominance plasticity was largely independent of the inhibitory tone, whose developmental maturation was independent of PSD-95. Moreover, glutamatergic synaptic transmission onto parvalbumin-positive interneurons was unaltered in PSD-95 KO mice. These findings reveal not only that PSD-95-dependent silent synapse maturation in visual cortical principal neurons terminates the critical period for ocular dominance plasticity but also indicate that, in general, once silent synapses are consolidated in any neural circuit, initial experience-dependent functional optimization and critical periods end.
During critical periods, all cortical neural circuits are refined to optimize their functional properties. The prevailing notion is that the balance between excitation and inhibition determines the onset and closure of critical periods. In contrast, we show that maturation of silent glutamatergic synapses onto principal neurons was sufficient to govern the duration of the critical period for ocular dominance plasticity in the visual cortex of mice. Specifically, postsynaptic density protein-95 (PSD-95) was absolutely required for experience-dependent maturation of silent synapses, and its absence before the onset of critical periods resulted in lifelong juvenile ocular dominance plasticity. Loss of PSD-95 in the visual cortex after the closure of the critical period reinstated silent synapses, resulting in reopening of juvenile-like ocular dominance plasticity. Additionally, silent synapse-based ocular dominance plasticity was largely independent of the inhibitory tone, whose developmental maturation was independent of PSD-95. Moreover, glutamatergic synaptic transmission onto parvalbumin-positive interneurons was unaltered in PSD-95 KO mice. These findings reveal not only that PSD-95-dependent silent synapse maturation in visual cortical principal neurons terminates the critical period for ocular dominance plasticity but also indicate that, in general, once silent synapses are consolidated in any neural circuit, initial experience-dependent functional optimization and critical periods end.
critical period | ocular dominance plasticity | silent synapse | PSD-95 | visual cortex I mmature cortical neural networks, which are formed primarily under genetic control (1) , require experience and training to shape and optimize their functional properties. This experiencedependent refinement is considered to be a general developmental process for all functional cortical domains and typically peaks during their respective critical periods (CPs) (2, 3) . Known examples for CPs span functional domains as diverse as filial imprinting and courtship song learning in birds (4, 5) ; cognitive functions, such as linguistic or musical skills in humans (6, 7) ; and likely best studied, the different features of sensory modalities (3) . CPs are characterized by the absolute requirement for experience in a restricted time window for neural network optimization. Lack of visual experience during the CP for visual cortex refinements can, for example, cause irreversible visual impairment (8) . Refinements during the CP play an essential role (9) . Although some functions can be substantially ameliorated after the CP, they are rarely optimally restored.
It is believed that the neural network refinement is based on synapse stabilization and elimination (10) (11) (12) and includes forms of long-term synaptic plasticity to remodel excitatory synapses of principal neurons (13, 14) . Although long-term plasticity at these excitatory synapses is instructive for shaping neural networks for functional output and their expression coincides with CPs, it is not known whether the remodeling itself governs the duration of CPs. In contrast, only permissive mechanisms have been shown to terminate CPs. Among these, the developmental increase of local inhibition appears to be the dominating mechanism to regulate cortical plasticity and CPs (15) (16) (17) . Additionally, extracellular matrix remodeling is involved, as well as receptors of immune signaling, such as paired Ig-like receptor B (PirB), or axon pathfinding, such as Nogo (18) (19) (20) (21) . However, a specific function to directly regulate synapse remodeling during initial neural network optimization is not known and a potential instructive function of PirB was described for adult cortical plasticity but not plasticity of the initial synapse remodeling during CPs (22) .
AMPA receptor-silent synapses have been proposed to be efficient plasticity substrates during early cortical network refinements (13, 23, 24) . Silent synapses are thought to be immature, still-developing excitatory synapses containing only NMDA receptors (NMDARs) but lacking AMPA receptors (AMPARs) (23, 24) . They are functionally dormant but can evolve into fully transmitting synapses by experience-dependent insertion of AMPARs, a plasticity process thought to occur frequently in developing cortices (10) . Although they appear as the ideal synaptic substrate for CP plasticity and their maturation correlates with sensory experience (10, 25) , it has not been experimentally tested whether maturation of silent synapses indeed causes the termination of critical periods. This conceptual model contrasts with the current view that increased local inhibition and the expression of plasticity brakes ends critical periods (18) (19) (20) 26) .
Significance
During critical periods, cortical neural circuits are refined to optimize their functional properties. The prevailing notion is that the balance between excitation and inhibition determines the onset and closure of critical periods. Here, we show that postsynaptic density protein-95 (PSD-95)-dependent maturation of silent glutamatergic synapses onto principal neurons was sufficient to govern the duration of the critical period for ocular dominance plasticity (ODP) in the visual cortex of mice. Loss of PSD-95 before the onset of CPs resulted in lifelong ODP, loss after CP closure reinstated silent synapses, and ODP. Thus, PSD-95-dependent silent synapse maturation terminates the critical period of ODP, and in general, once silent synapses are consolidated in any neural circuit, critical periods may end.
We hypothesize that experience-dependent unsilencing of silent synapses, which results in strengthening and maturation of excitatory synapses, governs network stabilization and refinement during critical periods, and that the progressive decrease of silent synapses leads to the closure of critical periods.
Experience-dependent cortical plasticity is classically tested with ocular dominance (OD) plasticity (ODP) in the primary visual cortex (V1), induced by monocular deprivation (MD). In the binocular region of mouse V1, neurons respond to sensory inputs from both eyes, but activity is dominated by afferents from the contralateral eye. During the critical period, a brief MD induces an OD shift of visually evoked responses in V1 toward the open eye (27) (28) (29) . This juvenile ODP is mediated by a reduction of deprived eye responses in V1 and is temporally confined to a critical period (30, 31) .
A molecular candidate regulating the cellular basis of critical period plasticity is postsynaptic density protein-95 (PSD-95), whose expression in the visual cortex increases on eye opening and thus the onset of visual experience (32) . PSD-95 promotes the maturation of AMPA receptor-silent excitatory synapses in hippocampal neurons and is required for activity-driven synapse stabilization (33) (34) (35) . In juvenile PSD-95 KO mice, ODP displays the same features as in WT mice (36) . However, as adult PSD-95 KO mice have not yet been analyzed, it is unknown whether PSD-95 is essential for the closure of critical periods. Thus, PSD-95 appeared to be the ideal molecular candidate to test our conceptual model that progressive silent synapse maturation marks the closure of critical periods.
Results
The Juvenile Form of Ocular Dominance Plasticity Is Preserved in PSD-95 KO Until Late Adulthood. Given the role of PSD-95 in synapse maturation, we tested here whether loss of PSD-95 affects the closure of the critical period for juvenile ODP. In adult PSD-95 KO mice, similar to WT mice, V1 was dominated by visual input from the contralateral eye ( Fig. 1 A, D, G, and H) . However, in contrast to standard cage raised WT mice, which lack ODP beyond P110 (37), a 7-d MD in PSD-95 KO mice induced an OD shift toward the open eye at an age up to 1.5 y (P507) (Fig. 1 C  and G) . This OD shift in old (>P110) PSD-95 KO mice was mediated by a reduction of deprived eye responses in V1 (Fig. 1  E, F , and H), which is characteristic for ODP during the critical period (30) . Another hallmark of juvenile-like ODP is that relatively short MD triggers it (31) . This hallmark was present in PSD-95 KO mice at least up to P480, in which a 4-d MD was sufficient to induce juvenile-like ODP ( Fig. 1 G and H) . In contrast, in WT mice <P110, a 7-d MD was needed to induce an OD shift. This shift was primarily mediated by an increase of open eye responses in V1 ( Fig. 1 B and H) , whereas the decrease in deprived eye responses was absent ( Fig. 1 B and H) . This juvenile ODP persisted in PSD-95 KO but not in WT mice after DZ treatment. Layout as in G and H. *P < 0.05; **P < 0.01; ***P < 0.001. Values in Table S1 .
result is typical for adult, noncritical period-like ODP (30) . Thus, characteristic features of juvenile ODP were present in V1 of adult KO mice but not in adult WT mice (38) . These findings indicate that critical period plasticity in V1 is maintained lifelong in V1 of PSD-95 KO mice, and the cellular mechanisms underlying ODP retain its juvenile form.
The Basic Organization of Visual Cortex and Basic Visual Performance
Are Largely Normal in PSD-95 KO Mice. To test whether basic visual performance is compromised in the PSD-95 KO mice, we analyzed V1 topographic maps quantitatively, activated by either horizontally or vertically moving bars presented to the contralateral eye ( Fig. S1 A and D) . Retinotopic map quality was similar in PSD-95 KO and WT mice, indicating a normal topographic activation (Fig. S1 ). The signal intensity of V1 activation was higher in PSD-95 KO mice for elevation but not azimuth stimuli ( Fig. S1 H and J).
We then tested visual acuity with the visual water task (VWT), a visual discrimination task based on reinforcement learning (39) . In this test, mice were trained to distinguish a vertical sine wave grating displayed on one monitor from isoluminent gray on another monitor in a trapezoid pool with shallow water (Fig. S1K) . The grating was randomly presented on either monitor and paired with an invisible escape platform below the water surface to enforce swimming toward it. After the mice had learned the task, the spatial frequency of the grating was gradually increased to test their visual acuity limit. PSD-95 KO mice had similar average visual acuity of ∼0.5 cycles/deg as WT mice (Fig. S1L ). This result demonstrates that PSD-95 KO mice are able to learn an associative visual task and that their visual acuity is not compromised.
Silent Synapse Maturation Is Impaired in V1 of PSD-95 KO Mice. At the beginning of postnatal brain development, AMPA receptorsilent excitatory synapses are abundant (13, 23, 24, 40) . Because the number of silent synapses is elevated in the hippocampus of PSD-95 KO mice (35), we tested whether the conversion of silent to mature synapses was also impaired in the visual cortex and whether PSD-95-based conversion is required for the termination of the CP for ODP. We compared the number of silent synapses between PSD-95 KO and WT mice before eye opening (P10-12), during (P25-30), and after the CP for ODP (P60-70) (3). We used the minimal stimulation assay to assess the level of silent synapses (24) (Fig. 2 B and C) of excitatory projections from layer 4 (L4) to L2/3 pyramidal cells in V1 ( Fig. 2A) , where developmental refinements occur for OD during the CP (41) . In WT mice, the fraction of silent synapses among total synapses was ∼55% on P10-12, dropped to ∼25% on P25-30, and dropped further down to ∼5% on P60-70 ( Fig. 2D ), indicating that ∼50% of total number of synapses was silent at eye opening and this fraction progressively declined in an experience-dependent maturation process. In PSD-95 KO mice, the fraction of silent synapses was similar to WT mice before eye opening (∼55%) (Fig. 2D) , but remained at this high level throughout further development ( Fig. 2 C and D) . Thus, PSD-95 is required for the experience-dependent maturation of excitatory synapses onto pyramidal cells after eye opening. Silent synapses are unsilenced on insertion of AMPARs, a process accompanied by an increase in the AMPAR/NMDAR (A/N) ratio. Accordingly, in the L4-to-L2/3 pathway of WT mice, the A/N ratio of pyramidal neurons increased from 1.4 on P25-30 to 2.2 on P60-70 ( Fig. 2 E and F) , whereas the A/N ratio was 1.0 in P25-30 PSD-95 KO mice and remained low on P60-70 ( Fig. 2 E  and F) . Thus, the preservation of a juvenile A/N ratio also indicates that more excitatory V1 synapses onto pyramidal neurons remain in an immature state in adult PSD-95 KO mice.
PSD-95 Protein Levels in V1 Increase During the Critical Period for ODP. Because silent synapse numbers in PSD-95 KO compared with WT mice were not different before eye opening, we determined the developmental profile of PSD-95 protein levels in V1 of WT mice to identify the onset of PSD-95 protein expression. We isolated a crude synaptosomal protein fraction (P2) from V1 of WT mice at time points before eye opening (P9 and P11), after eye opening (P14 and P19), and at the beginning (P25) and end (P38) of the CP, and normalized them to the levels in adult mice (P90; Fig. 3 ). Although protein levels of mortalin, which we used as a loading control, did not change between the different time points analyzed, PSD-95 levels increased between eye opening and the beginning of the CP to reach ∼80% of adult levels at the end of the CP (Fig. 3A) . In WT mice before eye opening, PSD-95 protein levels were below 10% of adult levels, indicating that ∼50% of synapses matured largely independent of PSD-95. This result is consistent with the similar fractions of silent synapses in WT and PSD-95 KO mice before eye opening. Furthermore, the increase of PSD-95 protein levels parallels the progressive maturation of silent synapses. Each of the active zone marker Munc13-1 and the NMDA receptor subunit GluN1 doubled from about 50% of adult levels to adult Table S2 . levels before the onset of the CP, indicating an increase in the size, and/or number of excitatory synapses after eye opening ( Fig. 3 A and C) . Similar to PSD-95, the protein levels of the NMDA receptor subunit GluN2A accumulated after eye opening (Fig. 3C) . In contrast, the protein levels of GluN2B were high before eye opening with similar levels as in adult mice and peaked at the beginning of the CP (Fig. 3C) , a result consistent with a specific role of GluN2B in CP plasticity. The GABA-A receptor subunit α1 showed the steepest increase from eye opening to the onset of the CP, consistent with the maturation of parvalbumin-positive interneurons at the beginning of the CP (42) . The AMPA receptor subunits GluA1, GluA2, and GluA4 showed a parallel developmental profile with GluA1, reaching adult levels already at the beginning of the CP (Fig.  3B) . Parallel to the maturation of silent synapses, the levels of GluA2 increased to adult levels until after the CP. In conclusion, these data are consistent with an exclusive role of PSD-95 in the experience-dependent maturation of synapses after eye opening and a change in the synaptic subunit composition of both AMPA and NMDA receptors during V1 development.
AMPA Receptor Subunits of Excitatory Neurons Are Reduced in
Synaptic Protein Fractions of PSD-95 KO Mice. To determine which types of synaptic AMPA receptors were inserted in PSD-95-dependent unsilencing of silent synapses and whether other changes in synaptic receptor composition occurred, we quantified synaptic levels of specific AMPA receptor subunits and their scaffolds in the cortex of adult PSD-95 KO and WT mice. Using subcellular fractionation procedures, we enriched for cortical PSD fractions (TSP) (Fig. 3D and Fig. S2 ). The NMDA receptor subunit GluN2B was enriched in the fractionation procedure, whereas the synaptic vesicle proteins synaptophysin and Rab3a were strongly reduced, consistent with an enrichment of PSD proteins in TSP. When quantified, the protein levels of NMDA receptor subunits GluN2A and GluN2B were similar to that in WT mice (Fig. 3E) . In contrast, in PSD-95 KO mice, the levels of the AMPA receptor subunits GluA1, GluA2, and GluA3 were ∼50% of that in WT mice, whereas levels of GluA4, which might be primarily expressed in inhibitory neurons (43), were not changed (Fig. 3E ). These biochemical results indicate a lack of synaptic recruitment of all three major AMPA receptor subunits in developing cortical synapses in PSD-95 KO mice. Thus, there is a specific reduction of AMPA receptors but not NMDA receptors in PSD-95 KO mice. The reduction of AMPA receptor numbers by ∼50% indicates that in PSD-95 KO mice the transmitting synapses contain normal levels of AMPA receptors, whereas the silent synapses are devoid of AMPA receptors. Furthermore, the unaltered number of NMDA receptors in the PSD indicates that the NMDA receptor excitatory postsynaptic current (EPSC) is a valid marker for normalization of synaptic responses.
Development of Local Inhibitory Tone onto L2/3 Pyramidal Neurons Is
Normal in PSD-95 KO Mice. Developmental strengthening of local inhibitory circuits contributes to the termination of the critical period for ODP (17, (44) (45) (46) , and experimental reduction of the inhibitory tone partially restores ODP in older rodents (47) (48) (49) (50) . Thus, it is possible that the preserved juvenile-like ODP in adult PSD-95 KO mice was the result of a reduction in inhibitory tone. This reduction is, however, not likely. Quantification of PSD Table S3 .
proteins showed that several key markers of inhibitory synapses including gephyrin, the scaffolding protein of inhibitory synapses, and the GABA A receptor subunit GABA A R-α1, a subunit that is particularly enriched in inhibitory synapses of PV-positive (+) interneurons to pyramidal cells, were not reduced in adult PSD-95 KO mice ( Fig. 3E) (51) .
Although our biochemical results are consistent with an unaltered inhibitory synaptic transmission in PSD-95 KO mice, it is possible that PSD-95 KO reduces the inhibitory tone indirectly by altering the excitatory drive to inhibitory neurons. To address this possibility, we measured the inhibitory tone in pyramidal neurons in the local L4 to L2/3 circuit (Fig. 4A) . We used NMDAR EPSCs, which are independent of the expression level of PSD-95 (52, 53) , to normalize AMPAR EPSCs and GABA A receptor-mediated inhibitory postsynaptic currents (IPSCs). To quantify all three synaptic components in isolation, we used a combination of holding potentials at the respective reversal potentials of other receptors and pharmacological isolation. The AMPAR component was isolated by clamping the neuron at the reversal potential of the GABA A receptor (V h = −72 mV) when also NMDARs are blocked by Mg 2+ . Next, we isolated the GABA A receptor IPSCs by clamping the neuron at the reversal potential (V h = 0 mV) of both glutamate receptors, and finally we isolated the NMDAR EPSCs by clamping the neuron at positive potentials (V h = +40 mV) to remove its Mg 2+ block and by pharmacologically inhibiting AMPAR and GABA A receptor function (Fig. 4B ). We used 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide to inhibit AMPARs in a subset of recordings to prevent disynaptic stimulation of IPSCs and determined the fraction of direct GABAergic input on layer 2/3 pyramidal neurons (Fig. 4A) . We found that ∼70% of recorded IPSCs were indirect, relying on the activation of upstream excitatory neurons. The remaining ∼30% were monosynaptic from directly stimulated GABAergic fibers originating likely from L4 (Fig. S3) . In WT mice, the A/N ratio increased by ∼40% (from 0.8 to 1.2) from P25-30 to P60-70 ( Fig. 4C ). In contrast, in both P25-30 and P60-70 PSD-95 KO mice, the A/N ratio was ∼0.7 and thus was lower than that in WT P60-70 mice but similar to that in WT P25-30 mice (Fig. 4C) . The results are consistent with our initial results showing impaired excitatory synapse maturation on L2/3 pyramidal neurons in PSD-95 KO mice (Figs. 2 and 3). In WT mice, the GABA/NMDA receptor ratio increased by ∼80% from P25-30 to P60-70 ( Fig. 4D) , consistent with the typical developmental increase of the GABAergic tone. In PSD-95 KO mice, a similar developmental increase by ∼80% of the GABA/NMDAR ratio was observed (Fig. 4D) .
Because the majority (∼70%) of the GABAergic currents resulted from disynaptic stimulation (Fig. S3 ), excitatory synapses on GABAergic interneurons substantially contributed to the GABAergic tone. Furthermore, PSD-95 is expressed in PV+ interneurons, the interneuron subtype responsible for most feed forward and feedback inhibition in L2/3 (54, 55) . However, it has not yet been experimentally tested whether excitatory synaptic strength on GABAergic neurons depends on PSD-95. To address this question, we measured the A/N ratio and estimated the strength of excitatory synapses onto L2/3 PV+ interneurons (Fig.  4E ). We used a PV+ reporter mouse line (Materials and Methods) crossed with the PSD-95 KO mouse line to identify PV+ interneurons by their yellow fluorescence (Fig. S4 ). In PV+ interneurons of WT P60-70 mice, the A/N ratio was more than sevenfold higher than in pyramidal neurons, a property, which is typical for PV+ interneurons. In PV+ interneurons of PSD-95 KO mice, the A/N ratio was similar to that of WT mice (Fig. 4G) . To test AMPAR function more directly, we recorded miniature (m)EPSCs of the L2/3 PV+ interneurons of age-matched WT and PSD-95 KO mice in the critical period (Fig. S5 ). Both the mEPSC amplitude and the frequency of events were similar between the two genotypes ( Fig. S5) , indicating a similar number of AMPAR-containing synapses and/or release probability and, on average, a similar amount of AMPA receptor-mediated current per synapse. These data reveal that maturation of excitatory synapses onto PV+ interneurons, unlike in L2/3 pyramidal neurons, was not critically regulated by PSD-95. Thus, KO of PSD-95 does not affect excitatory synaptic transmission onto PV+ interneurons and does not exert an indirect effect on the GABAergic tone from these interneurons to pyramidal neurons. Number of cells/mice in the foot of the bar. *P < 0.05; **P < 0.01; ***P < 0.001. Values in Table S4 .
To test the potential influence of the inhibitory tone on ODP in vivo, we next used a pharmacological manipulation. Diazepam was previously used to increase the GABAergic tone in precritical period mice to trigger the onset of the CP for ODP and to block restored plasticity after reduction of inhibition in older rodents (17, 44, 48, 49) . Whereas diazepam treatment during the 7-d MD completely blocked ODP in adult (P80-106) WT mice ( Fig. 1 G and H) , this treatment did not abolish ODP in agematched PSD-95 KO mice (WT vs. KO, P < 0.001). Thus, the life-long preservation of juvenile-like ODP in PSD-95 KO mice is not likely to be mediated by reductions in inhibitory tone but rather by immature excitatory synapses onto pyramidal neurons.
PSD-95 Stabilizes AMPA Receptors in Mature Synapses. To further test causality between PSD-95 manipulations, pyramidal neuron synaptic maturation, and the closure of the critical period, we manipulated PSD-95 levels conditionally. We achieved this manipulation via adeno-associated viral vector (AAV)-mediated gene transfer and expressed a PSD-95-targeting shRNA (sh95), which reduced the protein expression of PSD-95 by up to ∼90% in dissociated neuronal cultures (Fig. 5A) (56) . We stereotactically injected low doses of the AAV-sh95 into the visual cortex of WT mice on P0 to achieve sparse transduction rates. The AAV-sh95-expressing mice were then analyzed at P30-33 and P60-70, time points at which we had measured the properties of excitatory synapses in V1 pyramidal neurons and ODP in the above experiments ( Figs. 1 and 2 ). In sh95-expressing neurons, the A/N ratio at P30-33 and P60-70 was ≤1 and thus was smaller than nontransduced control neurons (Fig. 5 C and D) . In sh95-expressing neurons, the A/N ratio did not change over development, whereas in nontransduced control neurons, a developmental increase was observed ( Fig. 5 C and D) . AAV manipulation as such had no influence on the A/N ratio, as the A/N ratio of nontransduced control cells and neurons transduced with a control viral vector were similar (Fig.  5D) . Importantly, the A/N ratio of the single manipulated neurons was similar to that of age-matched PSD-95 KO neurons (sh95 P30-33 vs. KO P25-30, P = 0.45; sh95 P60-70 vs. KO P60-70, P = 0.70).
To test whether the A/N ratio reduction in the sh95 neurons was due to silent synapses, we quantified their numbers with the minimal stimulation assay. The fraction of silent synapses at P30-33 was more than twofold bigger in sh95 neurons than control neurons (Fig. 5G) . The sh95 values were similar to the age-matched fraction of silent synapses in PSD-95 KO mice (sh95 P30-33 vs. KO P25-30, P = 0.86). These results show that the impairment of synaptic maturation caused by reduced PSD-95 expression was cell autonomous and not a secondary effect of network alterations.
To test whether PSD-95 is required for the stabilization of the matured silent synapses, we injected AAV-sh95 into the V1 of WT mice at P40, thus after the end of the CP, and measured the number of silent synapses at P60-70. In control neurons, the fraction of silent synapses was low and similar to that in WT mice (ctr. vs. WT, P = 0.20). In contrast, AAV-sh95 pyramidal neurons expressed more silent synapses (Fig. 5J) . The fraction of silent synapses reinstated with AAV-sh95 after P60 was similar to the fraction of silent synapses in PSD-95 KO mice at a comparable age (sh95 vs. 95KO, P = 0.83). Thus, PSD-95 was also required to stabilize matured synapses, and later loss of PSD-95 could reinstate the silent state. The similar value of ∼50% for the fraction of silent synapses indicates that the PSD-95-dependent maturation occurred in a subpool of synapses, which require PSD-95 both for maturation and stabilization of the matured state.
To test the reinstatement of the juvenile-like ODP with sh95 after maturation at an even later time point, we injected WT mice with AAV-sh95 in V1 at P60. We measured the A/N ratio at P80-90. In control neurons, the A/N ratio was similar to that at P60-70, indicating that excitatory synapse maturation was completed before P60-70 (Fig. 5K) . In contrast, in sh95-expressing neurons, the A/N ratio was ∼1, similar to the A/N ratio with AAV-sh95 expression starting at P0 and lower than that of the nontransduced control neurons (Fig. 5K) . Thus, similar to the P40 transduction with AAV-sh95, the P60 transduction reinstated juvenile features in V1 synapses. Both the fraction of silent synapses and the A/N ratio were similar to that when PSD-95 was absent from synapses at birth, indicating that synapses, which depend on PSD-95 during experience-dependent maturation from eye opening onward, also are the ones losing the mature state if PSD-95 is removed later. These data indicate that at least two subpools of synapses are present in V1: one that depends on PSD-95 function for maturation and one that does not.
V1-Specific Reduction of PSD-95 Expression After Maturation Restores
Juvenile-Like ODP. We then explored whether PSD-95 manipulations restricted to the visual cortex were sufficient to prevent the closure of the CP for ODP and whether the PSD-95-dependent rejuvenation of the excitatory synapses in V1 can restore CP-like ODP in adult WT mice. In P0 mice, we silenced PSD-95 expression selectively in the visual cortex of both hemispheres with AAV-sh95 and tested ODP at ∼P80. In mice with V1-specific PSD-95 silencing, a 4-d MD induced an OD shift toward the open eye, whereas in age-matched control mice, injected with AAV-GFP, ODP was absent after a 4-d MD (Fig. 6 A-D) . The OD shift of mice with silenced PSD-95 in the visual cortex was similar in magnitude as in PSD-95 KO mice (Fig. 1) . This shift was mediated by a reduction of deprived eye responses ( Fig. 6 B  and D) . In contrast, in GFP control mice after a 4-d MD, V1 activity was still dominated by the deprived, contralateral eye ( Fig. 6 A, C, and D) . This result is consistent with previous observations that a 4-d MD is not sufficient to induce ODP in mice beyond the CP (38) .
Callosal projections critically contribute to the expression of ODP in rodent V1 (57) . Knockdown of PSD-95 in one or both hemispheres allowed us to test the requirement of excitatory synapse maturation in either V1 for juvenile-like ODP. In P0 WT mice, we silenced PSD-95 expression selectively with AAV-sh95 contralateral or ipsilateral to the deprived eye and imaged the contralateral cortex to measure ODP. After a 4-d MD at ∼P80, an OD shift was only induced when PSD-95 was silenced in the visual cortex contralateral to the deprived eye (recorded hemisphere, left) ( Fig. 6 C and D) . In contrast, silencing of PSD-95 in the cortex ipsilateral to the deprived eye (right hemisphere) did not preserve juvenile-like ODP in the imaged left cortex. Thus, impaired PSD-95-dependent maturation of V1 networks contralateral to the deprived eye is sufficient to preserve juvenilelike ODP in this hemisphere, indicating that the expression of ODP and thus the resulting reduction in contralateral eye responses is confined to the contralateral cortex.
We then tested whether reversing the maturation of excitatory synapses in V1 via PSD-95 silencing restores juvenile-like ODP in adult WT mice. At the end of the critical period (P40), we transduced V1 of WT mice bilaterally with AAV-sh95 (Fig. 6I) . Whereas control mice transduced with AAV-GFP did not show ODP after a 4-d MD at ∼P80 (Fig. 6 E and G) , juvenile-like ODP was restored in AAV-sh95-expressing mice (Fig. 6 F-H) and was accompanied by a reduction of deprived eye responses (Fig. 6 F and H) . Thus, PSD-95 regulates maturation of excitatory synapses in a cell autonomous manner and is required both for the maturation and stabilization of the matured state. Knockdown of PSD-95 in the visual cortex contralateral to the deprived eye at P0 was sufficient to preserve juvenile-like ODP and sh95-based rejuvenation of excitatory synapses in V1 after the critical period restored juvenile-like ODP.
Neural Circuit Changes Are Less Stable in PSD-95 KO Mice. Long-term synaptic potentiation (LTP) is enhanced in the hippocampus of PSD-95 KO mice (58). However, potentiated spines (after LTP induction) are highly labile in PSD-95-deficient neurons (33) , indicating that synaptic maturation during the fine-tuning of neuronal response properties in the critical period is unstable and only transient in the KO mice. To test whether cortical plasticity in PSD-95 KO mice is more transient, we performed a modified ODP paradigm. After a 7-d MD, the initially deprived eye was reopened, and visual cortical activity was imaged 2 or 4 d after reopening. In adult WT mice, the OD shift was maintained 2 d after reopening (7-d MD vs. 2-d reopen, P = 0.18) and restored only after 4 d (Fig. 7) . In contrast, in PSD-95 KO mice, 2 d of reopening was sufficient to induce a recovery of OD of the previously deprived eye (Fig. 7) . Thus, the plastic changes induced in V1 of adult PSD-95 KO mice were more transient and faster to be reversed than in WT mice, indicating that synaptic changes during experience-dependent network refinements cannot be consolidated, and functional properties of neurons may not be stabilized without PSD-95. This notion is further supported by our finding that silent synapses remain abundant in adult PSD-95 KO mice and thus are not integrated as mature, transmitting synapses into the cortical network, a process normally occurring during cortical development.
Discussion
Silent synapses are substrates for activity-dependent strengthening of synaptic transmission at excitatory synapses in the hippocampus and cortex (23, 24) . They are abundant at the beginning of experience-dependent cortical network refinement, which is characterized by progressive dendritic spine stabilization and decreased spine elimination (11, 12 ). This refinement is thought to result in functionally optimized neural connections. During early synaptic sensory pathway development, decreasing numbers of silent synapses parallel the susceptibility for LTP (40), a cellular mechanism that may underlie the experience-dependent strengthening and maturation of synapses (10) . In agreement with previous studies, we show that at eye opening when visual experience starts, ∼50% of L4 to L2/3 V1 synapses are silent (Fig. 2) (59), which end with a remaining 5% and less of silent synapses in adult mice (Fig. 2) (25) .
Here, we provide evidence that a PSD-95-based mechanism governs the gradual cortical development and termination of CPs. Our conceptual model integrates synapse stabilization during cortical neural network refinement with the closure of CPs. Several of our results support the causality between PSD-95-dependent synapse maturation and the closure of the CP for juvenile ODP.
First, experience-dependent maturation of silent synapses was absent in PSD-95 KO mice (Fig. 2) , and concurrently, critical period-like ODP was preserved lifelong in PSD-95 KO mice (Fig. 1) . PSD-95 is absolutely required for the experiencedependent reduction of silent synapses; as in PSD-95 KO mice, the fraction of silent synapses remained at the high eye opening level throughout development and thus with 100% penetrance (Fig.  2) . It is known that silent synapse numbers decrease during critical periods (13, 25) . Our results show the reverse correlation that lack of silent synapse maturation correlates with the persistence of juvenile-like ODP in V1, indicating that by preventing silent synapse maturation, the termination of the CP for juvenilelike ODP is prevented as well. Similarly, dark rearing from birth preserves juvenile-like ODP (60) and results in an elevated number of silent synapses (25) . However, the retardation of silent synapse maturation and critical period closure have not been causally linked. Instead, given that dark rearing profoundly influences the properties of neural circuits, including excitatory/ inhibitory balance and metaplasticity (delaying the NMDA receptor subunit switch from GluN2B to GluN2A), other cellular mechanisms have been favored (61) (62) (63) (64) (65) ). An impaired developmental NMDA receptor subunit switch is unlikely causal for the lack of CP closure in PSD-95 KO mice: Although in young PSD-95 KO mice more synaptic GluN2B-containing NMDA receptors are Table S2. present (35) , the synaptic GluN2B levels are not altered in adult PSD-95 KO mice (56) . Furthermore, in GluN2A KO mice, ODP is restricted rather than enhanced (36) .
Second, to narrow down the locus where ODP is expressed, we performed a visual cortex-restricted knockdown of PSD-95, which impaired excitatory synapse maturation (Fig. 5) and preserved CP-like ODP into late adulthood (Fig. 6 ). This dependency was further substantiated by our result that reduction of PSD-95 in the visual cortex contralateral to the deprived eye was sufficient to preserve juvenile-like ODP after MD (Fig. 6) . These results pinpoint the locus of expression of ODP to the contralateral V1 of the deprived eye rather than bilateral expression mechanisms, a locus of expression in upstream neurons of the visual pathway, or in other brain regions such as modulatory neurotransmitter systems.
Third, we directly tested our conceptual model that PSD-95-dependent silent synapse maturation marks the end of critical periods by knocking down PSD-95 in V1 after the end of the critical period for juvenile ODP. In support for the model, this manipulation reverted mature synapses to silent synapses (Fig. 5 ) and revealed critical period-like ODP (Fig. 6) .
Fourth, our results highlight the essential role of excitatory synapses of pyramidal neurons in expressing juvenile-like ODP. In support of this notion, excitatory synapses onto PV+ interneurons and the inhibitory projection onto layer 2/3 pyramidal neurons were not altered in PSD-95 KO mice (Fig. 4) . Furthermore, although pharmacological enhancement of inhibition in vivo prevented ODP in WT mice, it had no influence on juvenile-like ODP in PSD-95 KO mice (Fig. 1) . Thus, glutamatergic synapses onto PV+ interneurons do not require PSD-95 for maturation, and the role of PSD-95 is rather specific for the developmental unsilencing of excitatory synapses onto pyramidal neurons. Importantly, the silent synapse-based ODP is largely independent of the inhibitory tone and thus contrasts the current view that increased intracortical inhibition is causal for the closure of CPs (26) . Our results show that juvenile-like ODP cannot only persist but also be reinstated in the presence of high levels of intracortical inhibition, if silent synapse levels are high (Figs. 1, 2 , and 6). Together, our findings highlight that the closure of the CP for juvenile-like ODP is caused by the maturation of excitatory synapses onto V1 pyramidal neurons, primarily due to experience-dependent unsilencing of silent synapses, in which PSD-95 is required for the stabilization of AMPA receptors in the unsilenced mature synapses.
Importantly, ∼50% synapses matured independently of PSD-95 already before eye opening and thus before the developmental increase of PSD-95 protein expression paralleling silent synapse maturation (Fig. 3) (32) . It appears that at least two subpopulations of synapses exist: one PSD-95 independent and potentially static and the other one plastic and requiring PSD-95 for experiencedependent maturation. This notion is supported by two lines of evidence. First, we found that reducing PSD-95 either throughout development (Fig. 2) , or after birth, or after synapses had already matured (Fig. 5 ) resulted in a similar ∼50% reduction in AMPAR EPSCs, more specifically in the reappearance of ∼50% silent synapses. This result is in agreement with previous studies in the hippocampus, which analyzed PSD-95 function in synaptic maturation by loss-of-function approaches in still-developing synapses and consistently showed a ∼50% reduction in AMPAR EPSCs (33, 35, 52, 53) .
Second, loss-of-PSD-95 in excitatory synapses onto PV+ interneurons did not alter basal AMPAR function (Fig. 4 and Fig. S5 ). All four PSD-95 paralogs are expressed in PV+ V1 interneurons with AAV-sh95 and analyzed on P80 (see also confocal microscopy of slices in Fig. S6 ). *P < 0.05; **P < 0.01; ***P < 0.001. Values in Table S1 . Table S1 .
(55). Although we cannot rule out that AMPAR numbers are primarily regulated by PSD-95 paralogs in inhibitory neurons, this result further strengthens our conclusion that the prime function of PSD-95 is to regulate a subpopulation of dynamic synapses onto principal neurons by converting silent to mature synapses, a process typical for principal neuron but not interneuron development (66) .
Our conceptual model integrates synapse stabilization during cortical network refinement with the closure of CPs. During these refinements, in experience-dependent processes, synapses will be either stabilized (10) or pruned (11, 12) . Our model does not exclude an essential contribution of the inhibitory network in regulating critical period plasticity (15, 16, 67) . Because thresholds for Hebbian plasticity are sculpted by inhibitory neurotransmission (68) , it is very likely that a PSD-95-governed synaptic plasticity mechanism in silent synapse maturation acts in concert with the inhibitory circuitry to refine cortical networks during CPs. Importantly, our data show that the inhibitory tone is permissive in regulating juvenile ODP, as the duration of ODP is governed by the presence of silent synapses and is independent of the inhibitory tone.
Notably, the expression of the juvenile characteristics of ODP can be established through other mechanisms than silent synapses under certain experimental conditions. We showed that environmental enrichment can prolong and reinstate juvenilelike ODP, whereas the measured AMPA/NMDA receptor ratio was unchanged in V1 of adult enriched mice, and thus it is unlikely that generation of new silent synapses was induced (69) . Thus, either different expression mechanisms could cause the same system level read-out with depression of deprived eye responses or the expression mechanism is independent of the existence of silent synapses. It is also important to note that synaptic plasticity at different developmental time points likely serve different purposes. During CPs in early cortical development, functionally optimal synaptic connections are sculpted by experience. Silent synapses are ideally suited for this purpose, as these preexisting synapses can be stably integrated into the pathway if repeatedly recruited by activity, whereas they might be pruned if not. Later in life, learning is still possible and may rely on other plasticity mechanisms. However, specific sensory features, which are not learned during its CP, will not be acquired to the possible optimum (3, 26) .
Previous studies have shown that absence of the Nogo-66 receptor or PirB extends ODP into adulthood (20) (21) (22) . However, for Nogo-66, it needs to be tested whether it is the juvenile form and whether PirB plays a role in the adult form of ODP (22) . These proteins influence both structural plasticity of the extracellular matrix and axon sprouting, as well as long-term synaptic plasticity. A molecular or functional interaction of these proteins with PSD-95 is unknown. Notably, disintegration of the extracellular matrix can reactivate ODP (18) . Thus, both PSD-95 and PirB might act via different mechanisms to stabilize synapses. Nevertheless, experience-dependent silent synapse maturation to terminate critical periods provides an attractive mechanism how synaptic unsilencing, synaptic plasticity, and cortical plasticity are linked for neural network refinements during development. Further experiments will be required to clarify the role of Nogo-66 receptor and PirB for experience-dependent maturation of silent synapses, as well as the interplay between inhibitory circuit maturation and unsilencing of excitatory synapses (48, 68) .
In conclusion, we link PSD-95 function to experiencedependent maturation of silent synapses in the CP for ODP, demonstrating an essential function of silent synapses in neural network refinement and presumably their conversion into transmitting synapses as the terminating event for CPs. The time window for ODP thus stays open despite the normal developmental increase of local inhibitory tone in PSD-95 KO mice and can be reopened when silent synapses are reinstated with acute knockdown of PSD-95 in V1 in adult mice. This result shows that ODP can persist in the presence of high levels of inhibition, given additional plasticity substrates such as silent synapses. We propose that experience-dependent unsilencing of silent synapses constitutes an important general maturational process during CPs of cortical development of different functional domains and suggest an interplay with inhibitory circuits in regulating plasticity (68) .
Materials and Methods
PSD-95 KO mice and PV+ reporter mice have been described previously (70) (71) (72) . All procedures were performed by strictly following the procedures approved by the animal care and use committees and governmental agencies of the listed institutions.
Standard whole-cell voltage-clamp recordings and minimal stimulation procedures from coronal V1 slices were carried out using standard procedures as previously described (23, 24, 69) . For AMPA/NMDA receptor ratios, the AMPA receptor component was measured as a peak value at V h = −60 mV and the NMDA receptor component was measured at V h = +40 mV at 60 ms after the AMPA receptor peak.
Visual acuity of the mice was assessed using the VWT, a visual discrimination task that is based on reinforcement learning (39) . The right eye was deprived of vision for 4 or 7 d according to published protocols (28, 73) . Mouse visual cortical responses were recorded through the skull using the imaging method developed by Kalatsky and Stryker and optimized for the assessment of OD plasticity by Cang et al. (73, 74) . The experimenter was blinded for the genotype of the recorded mouse, and data were analyzed as detailed elsewhere (37, 73, 74) . More details are described in SI Materials and Methods.
Data are represented as means ± SEM. For electrophysiological data, averages of ratios were calculated after logarithmic transformation and presented as back-transformed mean ± SEM. For statistical analysis, the twoway ANOVA test with a Bonferroni post hoc test was used for comparison between age (ag) and genotypes (gt) in an experimental group. Intergroup comparisons, Western blot, and VWT data were analyzed using a two-tailed t test with unequal variance. All intra-and intergroup comparisons of the imaging data were done by a two-tailed t test with Bonferroni correction. The levels of significance were set as P < 0.05; P < 0.01; and P < 0.001. 
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SI Materials and Methods
Mice. PSD-95 KO mice and littermate controls of either sex were generated from heterozygous breeding pairs from a mixed 129SV/ C57Bl6 background and housed in cages (33 × 17 cm) of maximally five mice with a 12-h light/dark cycle and food and water ad libitum (1, 2). Genotypes were determined by PCR with the primer pair CAGGTGCTGCTGGAAGAAGG and CTACCC-TGTGATCCAGAGCTG to detect both the WT and KO allele with sizes of 255 and 355 bp, respectively. To identify PV+ interneurons, a PV-Cre driver line and an YFP reporter mouse line were crossed into the PSD-95 mouse line (3, 4) . All procedures were performed in the light cycle by strictly following the procedures approved by the animal care and use committees and governmental agencies of the listed institutions.
Visual Cortex Slice Preparation. Coronal visual cortical slices (300 μm) from juvenile and adult (Results) mice were sliced with a vibratome in ice-cold sucrose (in mM: sucrose 168, NaCl 25, KCl 1.9, MgSO 4 10, NaHCO 3 Electrophysiology. Standard whole-cell voltage-clamp recordings were carried out at 31-32°C in a recording chamber, which was perfused (2 mL/min) with ACSF. L2/3 pyramidal neurons were visually identified with infrared-differential interference contrast microscopy. Glass pipettes (2-5 MΩ) were filled with Cs-based internal solution (in mM: CsMeSO 3 117.5, Hepes 10, CsCl 17.8, TEA-Cl 10, EGTA 0.25, D-glucose 10, MgCl 2 2, Na-ATP 4, Na-GTP 0.3, pH7) to record A/N ratios and for the failure analysis and a low Cl − internal solution (in mM: CsMeSO 3 133, Hepes 10, TEA-OH 10, EGTA 0.25, D-glucose 10, MgCl 2 2, QX314-Cl 5, Na-ATP 4, Na-GTP 0.3, pH7) to record AMPA, NMDA, and GABA-A receptor synaptic currents, evoked with bipolar electrodes placed in L4. The input and series resistance were monitored throughout the recording by applying a short hyperpolarizing voltage step before synaptic stimulation. Only cells with a series resistance smaller than 30 MΩ and changes of series and input resistance of less than 20% were used for analysis. Axons were stimulated in L4 with theta-glass bipolar electrodes, filled with ACSF. Data were filtered at 3 kHz and collected with custom routines in Igor (Wavemetrics), using an ELC-03XS amplifier (NPI) and digitized at 10 kHz with an ITC-18 (HEKA). Glutamatergic transmission was isolated pharmacologically with 50 μM picrotoxin-supplemented ACSF, and polysynaptic activity was prevented in A/N ratio recordings with 1 μM 2-chloroadenosine if necessary; 10 μM NBQX was supplemented to block AMPA receptors. mEPSCs were recorded in the presence of 0.5 μM TTX to block action potentials, and events were analyzed with Minianalysis (Synaptosoft).
Synaptic Failure Analysis. The stimulation strength was adjusted such that ∼50% of the trials elicited unitary AMPA receptor responses at a V h = −60 mV (Figs. 3 and 5) . At a V h = +40 mV, we then measured a composite response mediated by AMPA and NMDA receptors. Percent silent synapses were calculated using Eq. S1
in which F -60 was the failure rate at −60 mV and F +40 was the failure rate at +40 mV (5, 6).
AAV Transduction. The EGFP cDNA was introduced after the CAG promoter in an AAV expression vector, which resulted in the AAV-GFP (7). The 5′ of the CAG promoter and the sh95 expression cassette, driven by the human U6 promoter, were shuttled from a lentiviral expression construct to result in the bicistronic AAV-sh95 (8) . A control AAV was constructed, which expressed an shRNA against luciferase (shLC; Addgene 26701). AAVs were produced according to described procedures, pseudotyped with the capsid for AAV8, and purified by iodixanol gradient centrifugation (9) . For P0 mice AAV delivery, P0-P1 mouse pups were anesthetized on ice for 5 min and immobilized with a holder on the injection table, where the surface temperature was kept at 4°C. The intersection of the sagittal and the lambdoid suture (lambda) was visually identified through the skin. Injections of AAV (13.4 nL each, 23 nL/s) were delivered at two positions bilaterally into V1 (from lambda, in mm: AP +0.1, ML ±1.25, DV −0.8 and AP +0.3, ML ±1.8, DV −0.8) using a glass capillary with a Nanoject II microinjector (Drummond). For P40 mice AAV delivery, animals were anesthetized with a mixture of fentanyl (0.07 mg/kg), midazolam (7.0 mg/kg), and medetomidin (0.7 mg/kg), and the head was fixed on a stereotaxic apparatus (Stoelting); 0.5 μL AAV (100 nL/min) was injected at two positions bilaterally into V1 (from Bregma, in mm: AP −3.8, ML ±2.4, DV −1.6 and AP −2.8, ML ±3.0, DV −1.4) using a glass pipette controlled by a Microsyringe pump controller (WPI).
Confocal Image Analysis. Under isoflurane anesthesia, mice were transcardially perfused with 70 mL ice-cold PBS, followed by 70 mL ice-cold 4% paraformaldehyde in PBS. Brains were collected and postfixed with 4% paraformaldehyde for 10 min, followed by three incubations in PBS. Brain slices (300 μm) including V1 were prepared in PBS by a vibratome. After three incubations (1 min) in PBS, slices were incubated with 3 μg/mL DAPI for 10 min. After an additional PBS incubation, they were mounted on glass slides. Confocal images were acquired with a Carl Zeiss LSM 710 microscope with a 10× objective and a resolution of 2,048 × 2,048 pixels. Imaging parameters were maintained constant for acquisition of different experimental conditions. Subcellular Fractionation. Subcellular fractions with enriched PSD from PSD-95 KO and littermate WT control mice were prepared as described previously (8) . One mouse cortex without hippocampus was homogenized in 10 volumes of homogenization buffer (4 mM Hepes/NaOH, pH 7.4, 320 mM sucrose; Fig. S2 ).
A crude synaptosomal pellet (P2) was isolated by differential centrifugation and was resuspended in resuspension buffer [in mM: NaF 50, Hepes/NaOH 50, pH 7.4, EDTA 1, NaVO 4 0.2, and complete protease inhibitors (Roche) 1 μg/μL]. Samples were extracted with 0.5% Triton X-100 for 15 min and then centrifuged 20 min at 32,000 × g to obtain the Triton insoluble (1TP) and soluble (1TS) fraction. The pellet was resuspended in half of the previous volume of the resuspension buffer and extracted in 3% N-lauroylsarcosine for 10 min. The extract was centrifuged for 1 h at 200,000 × g to obtain the N-lauroylsarcosine insoluble (TSP) PSD and soluble (TSS) fraction. All fractions were protected against proteolysis with 1% SDS and adjusted to 1 μg/μL in the SDS sample buffer.
Antibodies and Quantitative Western Blotting. Ten to 30 μg protein on different gels but similar amounts per lane were separated on Bis-Tris polyacrylamide gels and transferred onto nitrocellulose membranes (8) . Protein bands were decorated with the following primary antibodies: GABA A receptor-α1, SAP102, PSD-95, mortalin, GluA2, GluN2B (mouse; University of California Davis/ National Institutes of Health NeuroMab), Rab3A, Synaptophysin (mouse; Synaptic Systems), GluN2A, GluA1 (rabbit; Millipore), GluA3, GluA4 (rabbit; Abcam), and gephyrin (mouse; Synaptic Systems). Bands were detected by the secondary antibodies goat anti-mouse Alexa 680 (Invitrogen), goat anti-rabbit Alexa 680 (Invitrogen), goat anti-mouse IR800 (Li-COR Biosciences), and goat anti-rabbit IR800 (Li-COR Biosciences), visualized, and quantified with an infrared fluorescence scanner.
VWT. The visual acuity of the mice was assessed using the VWT, a visual discrimination task that is based on reinforcement learning (10, 11) . For this task, mice were initially trained to distinguish a low spatial frequency vertical sine wave grating (0.086 cycles/deg) from isoluminant gray, and then their ability to recognize higher spatial frequencies was tested. The apparatus consisted of a trapezoidal-shaped water-filled pool with two monitors placed side by side at one end (Fig. S1 ). An escape platform that was invisible to the mice was placed below the monitor on which the rewarded stimulus (grating) was projected. The position of the grating and the platform was alternated in a pseudo-random sequence over the training and test trials. Once 90% accuracy was achieved, the discrimination threshold was determined by increasing the spatial frequency of the grating until performance falls below 70% accuracy. The highest spatial frequency at which 70% accuracy was achieved was taken as the maximum visual acuity.
MD. The right eye was deprived of vision for 4 or 7 d according to published protocols (12, 13) . Briefly, mice were anesthetized with 2% isofluorane in 1:1 O 2 :N 2 O. Lid margins were trimmed, and an antibiotic gel (gentamicin) was applied. The eye was closed with two mattress sutures. Mice were checked daily to make sure that the eyes remained closed. After MD, the mice were returned to their home cages.
Treatment with Diazepam. To increase GABAergic inhibition, we applied diazepam (Rotexmedica; i.p.), an allosteric GABA A receptor modulator. Injections were performed about 4 h before MD and were continued for 6 d during MD with one injection per day. The dose used (1 mg/kg mouse) was selected as it reliably abolished OD shifts in 3-mo-old WT mice. In addition, it allowed normal activity and exploratory behavior. . In addition, lidocaine (2% xylocain jelly) was applied locally to all incisions. The mice were placed in a stereotaxic frame, their body temperature was maintained at 37°C, and electrocardiograph leads were attached to monitor the heart rate throughout the experiment. Anesthesia was maintained with 0.6-0.8% halothane in a mixture of 1:1 O 2 /N 2 O applied through a tube over the nose. We incised the skin to expose the visual cortex of the left hemisphere. Low-melting point agarose (2.5% in NaCl) and a glass coverslip were placed over the exposed area. To avoid dehydration of the mouse during the experiment, we injected 0.2 mL saline (0.9%, s.c.). Mouse visual cortical responses were recorded through the skull using the imaging method developed by Kalatsky and Stryker and optimized for the assessment of OD plasticity by Cang et al. (13, 14) . The experimenter was blinded for the genotype of the recorded mouse. Briefly, a temporally periodic stimulus was continuously presented to the animal, and the cortical response at the stimulus frequency was extracted by Fourier analysis. Optical images of intrinsic cortical signals were obtained using a Dalsa 1M30 CCD camera controlled by custom software. Using a 135 × 50-mm tandem lens configuration (Nikon), we imaged a cortical area of 6.4 × 6.4 mm 2 . The surface vascular pattern and intrinsic signal images were visualized with illumination wavelengths set by a green (550 ± 10 nm) or red (610 ± 10 nm) interference filter, respectively. After acquisition of a surface image, the camera was focused 600 μm below the cortical surface. An additional red filter was interposed between the brain and the CCD camera. Frames were acquired at a rate of 30 Hz temporally binned to 7.5 Hz and stored as 512 × 512 pixel images after spatial binning of the camera image. To display visual stimuli, a high refresh rate monitor [Benq BL240 (LED), 1,920 × 1,080 at 60 Hz] was placed in front of the mouse at a distance of 25 cm with its midline aligned to the animal. Drifting horizontal bars (2°wide) were presented to the animal at a distance of 25 cm on a high refresh rate monitor. For imaging ODP, the visual stimulus was restricted to the binocular visual field of the left primary visual cortex (V1; −5°to +15°azimuth), and mice were stimulated through either the left or the right eye in alternation to assess the OD. For visualizing elevation and azimuth maps, we used full-field stimuli extending 94°horizontally and 62°vertically (Fig. S1 ) and contralateral eye stimulation.
Data Analysis. Visual cortical maps were calculated from the acquired frames by Fourier analysis to extract the signal at the stimulation frequency using custom software (14) . Although the phase component of the signal was used for the calculation of retinotopy, the amplitude component represented the intensity of neuronal activation (expressed as fractional change in reflectance ×10 −4 ) and was used to calculate ocular dominance (13, 15) . To quantify OD plasticity, an OD score of each pixel in the binocularly activated region was calculated as (C − I)/(C + I), with C and I representing the raw response magnitudes of each pixel to visual stimulation of the contralateral and ipsilateral eye, respectively. We then computed an ODI as the average of the OD scores of all responsive pixels. Consequently, ODIs ranged from −1 to 1, with negative values representing ipsilateral and positive values representing contralateral dominance. At least three maps per animal were averaged to compute the ODI. The ODIs were color-coded in a 2D map of the OD scores (OD map): cold colors represent negative values (ipsilateral eye dominance) and warm colors represent positive values (contralateral eye dominance; Fig. 1 A-F . L4 stimulated IPSCs were primarily bisynaptic. GABAergic IPSCs onto L2/3 pyramidal neurons were evoked by stimulating L4 axons before (ctr) and after wash in of NBQX (+NBQX). IPSCs were isolated by holding the neuron at 0 mV. To measure the level of bisynaptically triggered responses, the AMPA receptor inhibitor NBQX was washed in after 10-to 15-min baseline recording, which resulted on average in a reduction of 68.4 ± 3.4% of the IPSC peak amplitude (in pA: ctr, 1,392 ± 232.3; +NBQX 451.0 ± 99.2). 
